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:  'PRODUCT  I  ON 


“he  objective  of  the  work  performed  under  this  grant 
~o  s  *  j  c  y  the  technology  and  usefulness  of  s i  I  i con-on-sapp 
~  a - e ' ; a  I  for  fabrication  of  Scncttky-barrier  field-effeco 
*ra"s i stors  suitable  for  use  in  the  lower  microwave  f rea u 
range.  — 

During  the  grant  period,  three  technologies  for  the 
fabrication  of  SOS  MESFET's  (SOSFET's)  and  their  integrat 
in  microwave  subsystems  were  developed.  Work  is  continui 
on  -he  most  promising  of  these  tech  no  I  og i es  .  Each  technc 
was  found  to  have  a  singular  advantage  in  either  fabricat 
simolicity,  potential  for  large  drain-gate  breakdown  volt 
(an;  therefore  for  high  power  devices)  or  maximum  CDerati 
frecuency.  All  technologies  developed  are  based  on  stanc 
silicon  1C  processing  techniques,  making  use  of  selx-alic 
anc  lateral  diffusion  to  reduce  demands  on  photo  I i thog ra ; 
an;  allow  for  easy  integration  of  standard  microwave  1C 
lu-oed  elements  on  insulating  substrates. 

“his  work  was  stimulated  by  a  theoretical  prediction 
gcc ;  microwave  performance  by  these  devices  t^T)  and  by  t* 
evolving  need  for  large  quantities  of  very  lo'w-cost  tran; 
mi-  receive  modules  operating  in  the  lower  microwave  free 
ra-ge.  for  such  systems  as  strategic  and  tactical  phased  a 
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II.  PROCESSING  TECHNOLOGY 

Three  means  of  fabricating  SOSFET's  were  explored:  1 

i)  A  three-mask  short-channel  process  on  thinned  • 

SOS  doped  during  growth  to  I E  I  7  donors/cm^ 

ii)  A  recessed-gate  process  using  an  i on- i mp I  anted 
channel  . 

iii)  A  planar  process  using  an  ion- i mp I  anted  channel 
that  exploits  lateral  diffusion  to  achieve  short 
channel  I  ength  s . 

i)  Uniformly  Doped  SOS  Process.  This  process  is  simple 
enough  to  allow  anyone  with  relatively  simple  facilities  to 
make  MESFET's  with  reasonably  good  electrical  characteristics. 

An  outline  of  the  process  for  this  device  is" given  in  Figure 

I.  The  starting  material  was  300nm  thick  (100)  s i I i con  doped  | 

during  growth  with  phosphorus  to  a  level  of  5- 1 0E  1 6/cm-^ . 

This  material  was  supplied  by  the  Union  Carbide  Co.,  Electronic  ■ 

Materials  Division.  The  silicon  was  thinned  to  200nm  by 
briefly  etching  in  a  solution  of  nitric  acid:acetic  acid: 

HF::90:7:3.  Undiluted  A.r(350J  positive  photoresist  was  spun  ;* 

i  on  to  a  thickness  of  1.6  microns  and  the  image  of  the  MESA 

mask  was  projected  onto  the  wafer  using  a  Kasper  10:1  reduc¬ 
tion  aligner,  although  contact  alignment  also  is  feasible. 

After  etching  the  mesa  with  the  same  solution  as  that  used 
for  thinning,  the  I  micron  x  200  micron  by  250  nm  thick 
aluminum  GATE  was  defined  using  liftoff.  The  gate  was 
sintered  in  H ^  at  500C  for  7  minutes.  Finally,  AuSb  ohmic 
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source  and  drain  CONTACTS,  separated  by  5  microns,  were 
defined,  again  using  liftoff.  A  final  sinter  was  done  ?  *»  H-, 

L. 

a t  280C  for  7  minutes;  this  low  temperature  was  necessary  to 
a vc  id  gold  ball-up. 

Figure  2  shows  the  general  layout  of  all  of  the  MESrE-,s 

to  be  discussed.  The  DC  drain  characteristics  of  the  uniformly 

doped  SOS  device  are  shown  in  Fig.  3  for  100  micron  gate  width 

ii.e.,  single  gate  operation).  The  observed  transconcuctance 

was  42  ms/cm  at  V  =  0V,  V.  =  5V  and  the  observed  pirc'-'O-f 

g  ds  K 

voltage  was  -3.0V.  The  reverse  bias  gate  leakage  at  —  1 2  V  was 

10  microamperes;  forward  bias  current  as  400  mV  was  also  !0 

microamperes.  The  gate  capacitance  C  of  this  device  was 

9  ^ 

ca I cu 1 ated ( 2 )  to  be  approximately  .075pf  which  results  in  a 

cutoff  frequency  f ,  =  g  /2  C  =  900MHz.  This  value  of  f. 

T  m  g  s  t 

is  considerably  lower  than  that  predicted  by  an  exact  twc- 

dimensional  device  simulation  for  a  one  micron  gate  device  (I). 

The  discrepancy  is  attributable  to  the  large  source-drain 

spacing,  which  led  to  large  source  and  drain  parasitic 

resistances,  and  to  a  relatively  small  low-field  mobility 
2 

(about  250  cm  /V-sec)  in  the  thin  SOS  layer,  which  led  to  a 
low  transconductance. 

ii)  Recessed  Channel  SOS  Process.  This  four-mast  process 
was  developed  to  explore  technologies  to  increase  drain  break¬ 
down  voltage  for  power  devices;  anc  to  reduce  channel  Impact 
Ionization  for  low-noise  devices.  An  outline  of  the  -ec-^ology 
for  this  process  is  shown  in  Figure  4.  The  channel  was  *orned 
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dv  implantation  i  n  t  o  a  500  nm  layer  of  intrinsic  SOS.  The 

implant  profi le  kept  the  electron  transport  away  from  botn 

the  silicon  surface  and  s i I i con : sapph i re  i'terfcce.  I 50nm 

of  undoped  SiO  film  (Silicafilm)  was  sdu-  o  -  * -  a  SOS  at 
x 

3000  rpm  and  densified  for  15  minutes  at  750 C  in  nitrogen. 

A  source  and  drain  DIFFUSION  photolithography  s^sp  opened 
windows  in  the  oxide  after  which  lOOnm  of  phosphorus-doped 
(Cq=5E20 /cm^)  glass  was  spun  on  the  wafer.  The  diffusion 
was  done  at  900C  for  10  minutes  in  nitrogen.  A  SIMS  analysis 
of  the  diffusion  profile  is  compared  to  a  SUPREM  simulation 
for  bulk  silicon  in  Figure  5.  The  measures  phosphorus  pro¬ 
file  imples  that  the  diffusion  coefficient  is  much  larger  in 
SOS  than  in  bulk  silicon;  in  addition,  this  coefficient  varies 
markedly  with  depth.  The  effective  source- d ra  in  spacing, 
after  diffusion,  was  about  four  microns.  After  the  diffusion, 
the  oxide  was  etched  off  the  wafer.  The  channel  RECESS 
mask  image  was  then  exposed  in  photoresist  that  had  been  dipped 
in  toluene  for  two  minutes  prior  to  development.  The  toluene 
hardens  the  surface  of  the  resist,  resulting  in  sharper  lift¬ 
off  edges,  as  will  be  explained  below. 

The  wafer  was  then  ion  milled  in  argc.n  at  500V  accelerator 
potential  for  8  minutes  to  give  a  I 50nm  recess  in  the  silicon. 
60nm  of  wet  oxide  was  grown  over  the  entire  surface  after 
the  photoresist  had  been  stripped,  to  bo~n  remove  the  milling 
damage  and  keep  tne  channel  surface  clean  su-ir.g  the  following 


step  . 
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Tns  c  x  ;  r  e  over  me  milled  region  J-  u  r  n  e  d  out  about  term 
nicker  ~we'  -hat  ever  rhe  I  r.rri  -is :  ;  silicon.  It  should  be 
-oted  +~.  3T  it  was  pot  possible  to  form  a  good  Schottky  oar.-ler 
cate  on  on-'eated  ion-milled  silicon  as  the  milling  introduced 
a  large  density  of  surface  states  which  prevented  the  chance i 
from  being  totally  depleted  before  reverse-bias  breakdown. 

The  phosphorus  channel  implant  was  performed  at  !60KeV 

2 

with  a  dose  of  l.5EI2/cm  followed  by  an  activation  anneal  at 
750C  for  30  minutes.  Figure  5  also  shows  the  im planted  channel 
profile  as  predicted  by  SUPREM.  A  MESA  photolithography 
and  etch  step  defined  an  oxide  mask  against  anisotropic  silicon 
etching  in  35?  hydrazine  at  70C  for  about  4  minutes.  After 
the  oxide  was  removed,  the  source,  drain  and  gate  aluminum 
METALLISATION  was  defined  by  lift  off.  The  wafer  was  sintered 
at  500C  for  7  minutes  in  hydorgen.  A  micrograph  of  the  finish¬ 
ed  device  is  shown  in  Figure  6. 

During  development  of  this  device  the  lift-off  technique 
for  the  Al  gate  was  improved  by  a  two-minute  dip  of  the  exposed 
but  undeveloped  photoresist  (Shipley  AZI350J)  in  toluene. 

Figure  7  shows  gate  images  in  AZI330J  both  without  (a)  and 
with  (b)  a  two-minute  dip  in  toluene  prior  to  development. 

The  image  in  resist  that  was  soaked  prior  to  development  has 
a  sharoer  9dge  near  the  resist  surface,  giving  a  clean  lift 
off.  The  resultant  gate  length,  however,  is  larger  than  tnat 
obtained  wnen  no  soaking  occurs. 

Figure  3  shows  the  drain  cha racte r i sr i cs  of  the  recessed 

channel  transistor.  The  g  at  V  _  =  0 V ,  V.  =  5  V  was  130  mS/cm 

m  5  u  s 

i 
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2 - ; ,  with  no  parasitic  source-drain  leakage,  the  pinch  3-- 
.  c  i  ~  a  g  e  would  be  -  I  .  5  V  .  The  f  was  calculated  to  be  2  c  o  u  - 

: . 7thz  . 

The  increased  process  complexity  of  the  recessed  c  *  2 " r  s I 

:ev i ce  may  not  be  necessary  in  all  cases.  Therefore,  an  'on- 
imp  I  anted/d  i  f  fused  planar  process  was  developed. 

iii)  Planar  SOS  Process.  This  three  mask  process  yielded 
t-. 5  best  observed  g^  of  the  three  processes  described.  A- 
c-Tline  of  the  process  used  for  this  device  is  shown  in 
Figure  9.  Undoped  S  i  0^  was  spun  on  the  wafer,  after  which 
-~e  source  and  drain  DIFFUSION  windows  were  opened  in  the 
cxide  using  ion  milling  to  preserve  the  required  source-d'a  in 
scancing.  Doping  of  the  source  and  drain  was  done  at  30C-  for 
minutes  using  spun  on  phosphorus  doped  SiO^.  The  S ? 0^  was 
-ren  removed  and  60  nm  of  wet  oxide  was  grown  at  900C.  A 
cnosphorus  channel  implant  (same  parameters  as  in  ii)  was 
-  3  I  lowed  by  an  activation  anneal.  The  MESA  was  then  ion 
-illed  with  a  photoresist  mask  produced  by  defocussinc  the 
'mage  projected  onto  the  photoresist;  the  slopes  of  the 
ceveloped  photoresist  edges  could  be  varied  by  varying  the 
degree  of  defocus.  The  photoresist  edge  was  transferred  to 
-re  mesa  by  a  16  minute  ion  mill  at  500 V  accelerator  rote-.- 
- ! a  !  .  The  source,  gain  and  drain  METALLISATION  was  defined 
-sing  lift-off  of  aluminum  and  the  wafer  was  then  s i n'ere: 
z~  500C  for  7  minutes. 

A  gate  length  of  700  nm  was  achieved  using  lift-c--  z~ 

15 C  nm  of  aluminum  and  1.6  micron  of  AZI350J  photoresist. 


3  Li  C  P. 


"i6  exposure  t  i  .Tie  of  the  projection  aligner  was  adjusted 
mar  afre-  development,  the  gate  length  a  ~  “he  surface  of  the 
•hotores i st  was  600nm  to  7C0  nm  at  the  silicon  surface,  althou 
i 7  was  '.2  microns  at  the  photoresist  surface.  It  was  noticed 
mat  for  a  15  minute  sinter  at  500C  in  hydrogen  there  was 
appreciable  diffusion  of  silicon  into  the  aluminum.  This 
phenomenon,  which  is  correctable  by  proper  pad  ^pacing,  is 
shown  in  Figure  10  where  the  large  area  gate  pad  forms  a  sink 
for  silicon  atoms . 

The  drain  characteristics  of  the  planar -process  transistor 

is  shown  in  Figure  II.  The  g  for  the  planar  MESFET  was 

m 

230  mS/cm  giving  a  calculated  f  of  almost  5  GHz.  The  pinch- 
off  voltage  was  -3.85V. 

III.  SUMMARY  OF  RESULTS 

Device  results  obtained  are  summarized  in  Figure  12.  We 
have  not  yet  achieved  the  results  predicted  by  CUPID,  perhaps 
because  of  the  following  differences  between  our  devices  and 
those  simulated: 

1)  The  intrinsic  SOS  regions  below  our  devices  (ii) 
was  not  perfectly  insulating. 

2)  Our  device  channels  (ii  and  iti)  were  not  uniformly 
doped . 


3)  Most  Important,  the  total  source-drain  distances 

in  our  devices  were  larger  than  those  in  the  Simula- 


V.  ADDITIONAL  TECHNOLOGICAL  POINTS 


')  Effect  of  mesa  on  gate  width.  The  Al  gate  was  found  -3 
neck  down  at  the  point  where  it  crossed  the  mesa  edge,  as 
a  result  of  the  combination  of  edge  and  proximity  of  scj'ce 
and  drain  patterns. 

This  effect  was  often  serious  enough  to  cause  open  ga~es 
Several  phenomena  were  identified  with  these  problems,  arc 
were  corrected. 

(a)  After  development  it  appeared  from  an  optica; 
microscope  examination  that  the  photoresist  had  excessively 
necked  down.  However,  a  SEM  examination  of  the  same  reg'on 
revealed  that  the  necking  down  was  less  severe  indicating 
some  form  of  shadowing  in  the  critical  region  when  the  Bfcatc 
resist  was  viewed  using  the  optical  microscope. 

(b)  Edge  diffraction  -  it  was  thought  that  the  sher: 
transition  from  gate  to  gate  pad  diffracted  light  near  t_at 
point.  However,  necking  down  was  seen  even  when  that  region 
is  enlarged  smoothly. 

(c)  When  the  SD  contacts  (which  are  on  the  same  "es\ 
as  +he  G  metal)  are  terminated  such  that  the  gate  el ec~rcde 
must  run  for  several  ym  without  being  close  to  the  SC  a'eas 
problems  were  experienced  with  the  gate  thinning  dowr  Zj~s'z 
the  region  of  SD  area  influence.  In  order  to  improve 
uniformity  of  the  interaction  between  the  SD  areas  arc  -~e 
gate  during  exposure,  an  asymmetrical  5GD  pattern  was  :e-e:: 
This  pattern  also  had  a  very  gradual  transition  from  ga~e 
metal  to  gate  pad. 


1  '  excessive  1  ater.i  I  diffusion  occasional  I  y 

resulted  in  gate-drain  and  gate-source  short  circuits.  It 

was  found  that  the  effective  lateral  diffusion  of  phosphorus 
after  15  min  at  940°C  was  around  0.8  to  1.0  ym  and  the  sheet 


resistivity  was  23  ftO 


The  diffusion  temperature  was  de¬ 


creased  to  875  C  giving  a  sheet  resistance  ranging  from  30  - 

I20QO  '  and  an  effective  lateral  diffusion  of  0.3  -  0.5  ym. 

We  have  also  used  ion  implanted  source  and  drain  contacts 

to  reduce  the  lateral  diffusion  problem.  Phosphorus  was 

o 

implanted  at  80  keV  into  500  A  oxide  covered  SC3  with  a  dose 
of  1.5  to  5.0  x  10^  cm 
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t 

i  )  rotation  and  a  I  i  jnnent  e  r  ~  o  r  s  .  The  original  pattern 

2  -  Figure  2  was  sensitive  to  small  rotational  isisal  icnnar.  t 
sr  to  lateral  misalignment  which  would  result  in  the  gate 
2  e “ w  e  e  n  5,  and  D  being  closer  to  the  source  (for  example) 
l.a.,  offset  gate  in  favorable  direction;  but  in  this  case 

~ne  game  between  and  D  would  then  be  closer  to  the  drain  ! 

where  the  offset  is  very  unfavorable.  I 

i 

This  unsatisfactory  situation  has  been  solved  tv  using 
the  transistor  topology  shown  in  Figure  13,  where  any  mis¬ 
alignment  has  the  same  effect  on  the  gate  relative  to  both 
sources  and  drains.  However,  the  rotational  problem  in 
Fig. 13  is  more  severe,  i.e.,  the  rotational  error  between  the 

1 

diffusion  mask  and  the  metal  mask  needs  to  be  less,  than  j 

in  Fig.  2.  Elimination  of  rotational  error  has  been  achieved 
by  using  the  shift  mask  principle  in  which  the  diffusion  and 
the  metal  masks  are  combined.  in  this  situation,  the  whole  j 

pattern  of  Fig.  13  is  diffused  into  the  SOS.  A  MESA  mask 
then  selects  the  wanted  diffused  silicon,  the  rest  being 
etched  away.  The  original  mask  used  in  the  selective  diffusion 
is  now  moved  up  a  distance  A  with  respect  to  Its  original 
position  so  that  the  gate  lies  between  the  diffused  SO  regions, 
and  the  photoresist  is  exposed.  As  the  same  mask  is  used 
for  both  diffusion  and  metallization,  rotation  error  can  be 
drastical ly  reduced  and  only  two  plates  are  now  needed  to 
make  the  SOS  MESFETs.  It  has  also  been  possible,  using  an 
extension  of  the  shift  mask  idea,  to  use  only  2  plates  to  make 
transistors  whose  SO  spacing  can  be  chosen  to  be  3,  4  or  5  yn 
depending  only  on  the  amount  of  shift. 
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Tie  new  transistor  strut's  re  is  relative!/  i  n  3  e  3  *  7  1  •/  e 
-o  octh  photomask  preoar a  ~  ’ on  errors  '  eg  ,  rc  ~  a~ i on  in  -he 
sTe?  and  repeat)  ana  to  ore  cessing  linear  m  i  s  a  I  i  grime  r  -  . 

iona I  m i s  a  I  ? p  n  m  e  n t  between  diffusion  ana  me  r» |  images 
35  been  reduced  to  a  neglible  proportions.  In  addition,  the 
overall  topology  is  more*  versatile  and  allows  several  different 
'ransis+ors  to  be  made  from  the  same  mask  set,  which  itself 
consists  of  only  2  plates. 


EXTENSIONS  OF  THIS  WORK 


I  2 
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of  7.5V  with  either  Al  or  P+  gate. 

3)  MESFET  on  laser  annealed  poly  Si  uniformly  doped  to 
5  x  10*^  cm  ^ ,  5000  A  thick. 

-i )  Comparison  between  diffused  and  implanted  source  and 

drain  regions  with  respect  to  contact  resistance,  side¬ 
ways  diffusion  and  oxide  masking. 

5)  Consideration  of  processing  steps  to  be  used  with  electron- 
beam-  fab r i cated  MESFETs. 

V  I  .  CONCIUS I ONS 

Several  technologies  have  been  used  for  the  fabrication 
of  SOS  MESFET's  for  use  in  the  lower  microwave  frequency 
ranges.  These  technologies  result  in  devices  w i f h  performance 
suitable  for  many  applications  in  this  range,  and  can  benefit 
from  the  body  of  experience  acquired  in  the  mass-production 
of  I  owe r- f req uency  integrated  circuits.  The  sapphire  sub¬ 
strate  upon  which  these  devices  are  constructed  is  an  ideal 
low-loss  medium  for  the  support  of  microstrip  or  coplanar 
lines  for  distributed  circuits,  and  is  an  equally  good  medium 
for  the  support  of  lumped  elements,  e.g.,  looo  inductors  and 
i nterd i g i tsted  or  MOM  capacitors. 


The  relative  cheapness  of  the  SOS  material  compared  to 
that,  say,  of  epitaxial  GaAs  on  sem i - i ns u I  at i ng  substrates 


should  be  considered  when  evolving  IC's  for  use  in  the  lower 
microwave  frequency  range.  Many  of  the  benefits  of  GaAs  for 
microwave  IC's  lie  with  the  availability  of  such  a  substrate, 
but  the  advantage  is  not  exclusively  to  GaAs  once  the 
availability  of  sapphire,  or  other  insulating  materials  upon 
which  Si  can  be  grown  or  deposited  (e.g.,  SiO^)  is  recognized. 
VII.  ADDITIONAL  INFORMATION 

1)  A  paper  was  presented  describing  our  work  on  uniformly 
doped  SOSFET's  at  the  SiMESFET  Workshop,  Boulder,  CO, 
June  1979. 

2)  A  paper  was  presented  describing  our  work  on  planar- 
process  SOSFET's  at  the  International  Electron  Devices 
Meeting,  Washington,  DC,  Dec.  1979. 

3)  During  the  course  of  this  contract  two  trips  were 
made  to  Naval  Research  Laboratory,  Washington,  DC, 
for  technical  discussions. 
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D.C,  drain  character ist ics  ^dr  uniform!./  coped- 
process  FET. 

*  5M  «  WnS  cm'1  at  '/a  >  QV,  VDS  »  5V. 

*  Pinch  opp  voltase  *  -  3.0V. 

*  fj  PREDICTED  -  900  MHz. 


Fig.  3.  D.C.  drain 
characteristics  for 
uniformly  doped-process 
FET. 


Sacossod  cNanntl  SOS  MESFCT 

o  sou  ret  and  dram  DIFFUSION  100*C  <5mm  C,  >  HMc*3 
O  CHANNEL  RECESS  ion  null  m  argon  200  nm 
o  channol  I  mol  an!  I.SEttcnf3  pnospnorus  a!  1S0K«V 
o  MESA  PIE  using  anisotropic  t'enani 
0  METALLISATION  2S0nm  Al 


Fig.  4.  Recassed-channe I 
FET. 
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Fig.  II.  D.C.  drain 
characteristics  for 
planar-process  FET. 


D.C.  [MAIN  CHABACTF'MSTICS  FOR  “LANAR-’ROCESS-FET 

*  C-„  -  230  mS/cn  at  Vg  •  ov,  '/3S  »  5 V. 

*  Pinch  of?  voltage  -  -  3.3V. 

*  Fy  PREDICTED  -  L.3  GHz. 


SUGARY 

D.C.  results  for  SOS  .YESFET 
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-3,0  v 

“2  MS 

Recessed  channel 

-1.5  V 

130  MS 

Planar 

-3.3  V 

230  mS 

CUPID  SIMULATION 

315  mS 

Predicted  Fj 

* 

900  Wz 

Fig.  12.  D.C. 
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results  for  SCS 
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2.7  GHz 

MESFET. 
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